Abstract
Introduction

47
hundred genes that play a role in rifampicin persistence were identified, where approximately 48 one-third of the genes play a role in the metabolism of amino acids, lipids, vitamins,
49
carbohydrates and purine biosynthesis 6 .
50
To find core genes and pathways that play a role in persister cell formation with different 51 drugs, we performed an unbiased high-throughput screen using gentamicin against a mutant with defective persistence which is defined as a decrease in the number of persister cells relative 63 to the parental strain USA300. We exposed stationary phase cultures of the mutant library to 64 gentamicin (60 µg/ml, 10X MIC) (Fig. 1A) . Over the course of six days, the screen identified the
65
ArgJ mutant that failed to grow on tryptic soy agar (TSA) plates after gentamicin exposure.
66
While it is known that the argJ gene is required for the arginine biosynthesis cycle 8 9 and 67 encodes an acetyltransferase that synthesizes N-acetylglutamate and ornithine (Fig. 1B) , the 68 importance of ArgJ in antibiotic and stress tolerance has not been explored.
69
To establish the importance of ArgJ in stress tolerance, we first excluded the possibility 70 that altered growth dynamics is a confounding factor. Our growth curve study suggested that the 71 ArgJ mutant and USA300 had similar growth patterns (Fig 2A) and similar colony forming unit 72 per milliliter (CFU/ml) in normal growth medium even up to 8 days ( Fig 2B) . Next, to confirm 73 that a mutation in ArgJ causes a defect in persister formation in stressed conditions, we 74 performed a persister assay by exposing stationary phase cultures of the ArgJ mutant and 75 USA300 control strain to different antibiotics and stresses. At different time points, the cells 76 were washed and then enumerated for CFU. As early as day 2 post-gentamicin exposure, the
77
ArgJ mutant harbored 1x 10 7 CFU/ml as opposed to USA300 with 1x10 9 CFU/ml. By day 6, the
78
ArgJ mutant had 1 x10 6 CFU/ml compared to USA300 with 1 x 10 9 CFU/ml, a significant 79 difference of about 3-logs (Fig. 2C) . Similarly, by day 6 of rifampicin exposure, there was also a 80 significant three-log difference in CFU between the ArgJ mutant and USA300 (Fig. 2D ).
81
To confirm the specific role of ArgJ in persistence, we also measured the persister levels
82
in mutants with mutations in other proteins of the Arg pathways (e.g. ArgB and ArgF) and TrpA,
83
protein involved in tryptophan biosynthesis, as a control. Our results indicated that after 84 gentamicin exposure of 6 days, there were no significant differences in CFU/ml among the ArgB,
85
ArgF, TrpA mutants and the control strain USA300 (Fig. 2E) . We, therefore, concluded that a 86 mutation in ArgJ is specific in causing a defect in persister formation in S. aureus.
87
In our separate recent study, we showed that mutations in metabolic pathways in S. CFU/ml while USA300 had 4.6 x 10 4 CFU/ml (Fig. 2F) . Additionally, the ArgJ mutant was also 93 significantly less tolerant to low pH (pH = 4) compared to USA300. Unlike the other stress 94 exposures, the starting bacterial inoculum concentration for acid pH exposure was standardized
95
to 1 x 10 5 CFU/ml in order to prevent neutralization of the acid pH due to neutralization of acid 96 pH by a high bacterial inoculum 10 . Nonetheless, after 24 hours of exposure in a low pH 97 environment, the ArgJ mutant had only about 4.6 CFU/ml left while the USA300 had about 4.4 x 98 10 3 CFU/ml, indicating that the ArgJ mutant is more susceptible to low pH (Fig. 2G) . To confirm that the mutation in argJ is responsible for the defective persistence, we 103 complemented the ArgJ mutant with the wildtype argJ gene from the USA300. We used an S.
aureus-E. coli shuttle vector pRAB11 to insert the wildtype argJ gene back into the mutant 11 .
105
After 6 days of gentamicin exposure, the ArgJ mutant with an empty vector had 6.4 x 10 3 106 CFU/ml whereas the ArgJ complemented strain and USA300 had 7.1 x 10 4 CFU/ml and 2.0 x 107 10 7 CFU/ml, respectively (Fig. 4A) . Similarly, after 6 days of rifampicin exposure, the ArgJ 108 mutant with an empty vector had 3.1 x 10 3 CFU/ml whereas the ArgJ complemented strain had 109 5.0 x 10 6 CFU/ml, only one-log fold less than USA300 with 1.7 x 10 7 CFU/ml. These findings
110
indicate that a genetic mutation in ArgJ confers a defect in persister formation.
112
Arginine biosynthesis via the Arg pathway is important for persistence for persistence (Fig. 3C ).
127
Activity of arginine pathway genes in relation to persistence
128
S. aureus has the ability to synthesize arginine using secondary carbon sources such as we also observed the same genes, argC and argG, having at least 2-fold higher expression in 141 USA300 than in the ArgJ mutant (Fig. 4B ). Collectively, our data suggest that arginine 142 production through the ArgJ pathway is more expressed in stationary and drug-treated cells than 143 log phase cells and untreated cells, respectively.
145
ArgJ plays a role in virulence in vivo 146
There is a general lack of research establishing the relationship between the mechanisms 147 of persister cell formation and virulence in different bacterial pathogens including S. aureus 2 .
148
Given that our results suggest the importance of ArgJ in persistence, we decided to explore the mutant has attenuated virulence, we examined the survival of C. elegans after S. aureus infection.
152
Our results showed that C. elegans killing was highly attenuated after infection with the ArgJ 153 mutant as opposed to USA300. The first death caused by USA300 was observed at day 4 as 154 opposed to day 6 for the ArgJ mutant. By day 8, there was a 76% survival in C. elegans exposed 155 to the ArgJ mutant as opposed to the 56% survival in worms exposed to USA300 (Fig. 5A ). No 156 change in survival was seen in worms exposed to nonpathogenic E. coli strain.
157
To further confirm the role of ArgJ in virulence, we then utilized an S. aureus peritonitis Overnight stationary phase cultures were exposed to selected drugs or stresses and colony to perform persister assays as described above.
299
RNA preparation and real-time PCR (qRT-PCR)
300
Samples were prepared for RNA extraction based on the instructions described in the (Table S2 ). Amplification and detection of specific 307 products were performed using StepOnePlus Real-Time PCR Systems (Applied Biosystems).
308
The PCR parameters used were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for and incubated with the worms for 9 minutes to lyse the adult stages but keeping the eggs intact.
325
The lysing reaction was stopped when M9 buffer was added. Bleach was removed by 326 centrifugation at 1500 rpm for 1 minute followed by three more washes with M9 buffer. To and dead worms every 24 hours. A worm was considered dead when it failed to respond to touch. Table S1 . Genes that play a role in gentamicin persistence
